Macrobenthic infaunal sampling campaigns that aim at unpreserved "fresh" animals for later biochemical analysis follow one of two strategies: either samples are sieved and sorted on board and individual specimens are frozen, or grab/corer samples are frozen completely and animals are separated from sediments later in the laboratory. This study demonstrates that deep freezing of complete grab samples causes a significant bias in stable isotope ratios of nitrogen ( 15 N/ 14 N or δ 15 N vs. AIR) and carbon ( 13 C/ 12 C or δ 13 C vs. PDB) as well as in the C/N ratio of nine infaunal species from the German Bight. On average, molar C/N ratio increases by 0.93, δ 13 C decreases by 1.87‰, and δ 15 N decreases by 1.01‰. Mechanical cell destruction and subsequent loss of cytosol as well as metabolic degradation by free enzymes and by microorganisms are discussed as major causes for the observed effects. We recommend to abstain from using bulk frozen grab samples for the analysis of C/N ratio or stable isotope ratios.
Introduction
Analysis of tissue stable isotope ratios in nitrogen ( 15 N/ 14 N or δ 15 N vs. AIR) and carbon ( 13 C/ 12 C or δ 13 C vs. PDB) is an essential part of modern food web studies in marine benthic communities (e.g. Fry, 1988; Hobson and Welch, 1992; Herman et al., 2000; Jennings et al., 2002) . The underlying principle is the enrichment of the heavier isotope 15 N and 13 C with each assimilation step in the food chain owing to the selective metabolic loss of the lighter isotopes during food assimilation and growth. On average, fractionation per trophic level amounts to 2.5-5‰ in δ 15 N and to 0-1‰ in δ 13 C Epstein, 1978, 1981; Minagawa and Wada, 1984; Post, 2002) .
There are many natural sources of variability in stable isotope ratios, but bias owing to sample treatment has drawn a considerable amount of attention recently. Besides sample acidification (Bosley and Wainright, 1999; Jacob et al., 2005; Carabel et al., 2006) and sample lipid extraction (Sweeting et al., 2006) , sample storage and preservation appears to be a crucial point. There is a general agreement that oven drying, freezing and freeze drying show little or no effects, whereas formalin and ethanol fixation cause significant bias (Bosley and Wainright, 1999; Ponsard and Amlou, 1999; Kaehler and Pakhomov, 2001; Feuchtmayr and Grey, 2003; Lorrain et al., 2003; Sweeting et al., 2004) . In studies on infaunal macrozoobenthic species, the bulk freezing of complete grab/corer samples directly after collection is an appealing approach (e.g. Lovvorn et al., 2005) . Separating tiny animals from the sediment and identifying them is a time consuming and laborious task, which can be handled much better in the laboratory than on board of a research vessel with tight restraints on time and space. Here we evaluate whether bulk freezing of complete grab/corer samples and defrosting them again in the laboratory causes bias in stable isotope ratio determinations in animals collected from this sample, and whether such bias is species specific.
Materials and methods
Infaunal macrozoobenthos was collected with a 0.1 m 2 van Veen grab at one site in the German Bight (54°03.83-54°00.96N and 006°27.30-006°43.13E, autumn 2004, RV Heincke). Thirteen samples were frozen directly after collection, i.e. the bulk content of the grab was transferred into a polyethylene box and stored at − 20°C (bulk freezing, BF). From another 25 samples, we handpicked 91 individuals belonging to nine dominant infaunal species (Echinocardium cordatum, Euspira pulchella, Lanice conchilega, Nephtys sp., Poecilochaetus serpens, Scolelepis bonnieri, Tellimya ferruginosa, Tellina fabula and Urothoe poseidonis). Each individual was stored separately in a plastic jar at − 20°C (individual freezing, IF). After 13 months storage, BF samples were slowly defrosted at 8°C, and the sediment was removed layer-by-layer following the thawing horizon down into the sample. 77 infaunal specimens were handpicked from the sediment and transferred to cooled seawater (3-4°C) where they remained for a maximum of 20 min before further processing. Subsequently, both BF and IF treated samples were lyophilised for 24 h (Finn-Aqua Lyovac GT2E), homogenized in a ball mill, treated with 1 mol l − 1 hydrochloric acid (HCL) to eliminate calcium carbonates following the procedure of Jacob et al. (2005) , redried at 55°C and ground to powder in a mortar.
Stable isotope ratios δ 13 C and δ 15 N were determined by an isotope-ratio mass spectrometer (Thermo/Finnigan Delta Plus at GeoBioCenter LMU , University of Munich). Gaseous standards (N 2 and CO 2 respectively) were calibrated against atmospheric nitrogen (AIR) for nitrogen and the PeeDee Belemite standard (PDB) for carbon. An internal standard (Peptone with known isotope composition) was used for every 6th sample. Experimental precision was ≤± 0.2‰. Both isotopes ratios were expressed in δ notation:
where δX is 13 C or 15 N, and R is the 13 C/ 12 C or 15 N/ 14 N ratio.
All samples with b5 μg nitrogen content were excluded from further analysis because of insufficient measurement precision (10 individuals). Multivariate outliers in the sample space [C/N, δ 15 N, δ 13 C] were identified by Mahalanobis distances (Barnett and Lewis, 1994) and excluded, too (1 individual). Delta 13 C data were multiplied by − 1 to obtain positive values, and all three data series (C/N, δ 15 N, − δ 13 C) were Box-Cox transformed (Sokal and Rohlf, 1995) in order to achieve normality and equality of variances. Full interaction 2-way analysis of variance (ANOVA) followed by posthoc Tukey HSD test on differences between means was applied to check for effects of treatment (IF, BF) and of species on the three parameters.
Results
Compared to individual freezing (IF), bulk freezing (BF) caused a significant (p b 0.001) increase in C/N (on average 0.93, Fig. 1a) , and a decrease in both δ 13 C (on average 1.87‰, Fig. 1b ) and δ 15 N (on average 1.01‰, Fig. 1c ). In C/N ratio and δ 15 N ANOVA detected significant interactions between treatment and species (Table 1) . On the species level, BF treatment effects were significant in seven (C/N, Fig. 1a) , nine (δ 13 C, Fig. 1b) , and three species (δ 15 N, Fig. 1c ), respectively.
Discussion
Freezing by itself, i.e. the exposure of organic matter to below zero temperature, has no effect on C/N ratio and stable isotope ratios (Bosley and Wainright, 1999; Ponsard and Amlou, 1999; Kaehler and Pakhomov, 2001; Sweeting et al., 2004) . There are, however, several distinct differences between the IF and the BF treatment procedure which may affect tissue condition and biochemical properties: (i) The freezing process of a bulk sample takes much longer owing to its larger mass and smaller surface/volume ratio compared to single animals. Slower freezing allows for the formation of more ice crystals inside tissues which can destroy cells mechanically and lead to cell content leakage (Salonen and Sarvala, 1980; Feuchtmayr and Grey, 2003) . (ii) Tissues may be damaged further by mechanical stress caused by the antagonistic forces of liquid volume expansion during freezing against sample mass. (iii) Tissue components may be metabolized by free enzymes or by microorganism inhabiting the sediment (e.g. Ponsard and Amlou, 1999) , in particular during freezing and thawing of the sample and following mechanical tissue destruction. (iv) Certain macromolecules, in particular fatty acids can be oxidized chemically at temperatures as low as −30°C (E. Brodte, pers. comm.).
The observed increase in C/N ratio may be due to either an increase in C content or a decrease in N content. Salonen and Sarvala (1980) report a significant leakage of carbon during freezing but do not provide information on the corresponding loss in nitrogen. We presume that mechanical cell destruction during BF treatment leads to a loss of cytosol when thawing. Cytosol has a higher protein content -and thus nitrogen content -than organelles and membranes which are comparatively richer in carbohydrates and in fatty acids (Alberts, 2002) .
May cytosol loss following mechanical cell destruction cause the observed decrease in δ 13 C and δ 15 N, too? Feuchtmayr and Grey (2003) compared the effects of various preservation techniques on δ 13 C and δ 15 N of zooplankton. They relate the observed depletion in the lighter isotopes 12 C and 14 N in normally frozen samples (−20°C) compared to shock frozen (liquid nitrogen) samples to leaching of cell material, too. This would, however, premise that the leached components are lower in δ 13 C and δ 15 N. Distinct molecule groups are known to differ in their isotopic ratios from the average stable isotope composition of the bulk individual (e.g. Peterson and Fry, 1987; Kelly, 2000) but there is no direct evidence yet that e.g. cytosol components are isotopically lighter indeed. Besides the physical processes discussed so far, chemical and biochemical activities may play an important role, too, in particular if cells have been damaged mechanically during freezing. Unfortunately, there are numerous potentially significant parameters such as molecule specific isotopic ratios (e.g. Peterson and Fry, 1987; Kelly, 2000) , biochemical processes with specific effects on isotopic ratios (Smejkal et al., 1971; Owens, 1987) , and decomposition rates specific for certain substrates as well as metabolic pathways (Abraham et al., 1998; Fang et al., 2002; Lyons et al., 2003; Somsamak et al., 2006) . Above all, both concentration and composition of sediment microorganisms and free enzymes may change from sample to sample. More sophisticated approaches, e.g. inhibition of free enzymes and/or of microorganisms, or monitoring of dissolved nitrogen and carbon components during sample storage and processing, will enhance our understanding of these processes.
For the time being we can only conclude that sample bulk freezing causes a significant and intolerable bias in the measurements of C/N, δ 13 C and δ 15 N.
